Treacher Collins syndrome (TCS) is a craniofacial disorder that is characterized by the malformation of the facial bones. Mutations in three genes (TCOF1, POLR1C and POLR1D) involved in RNA polymerase I (Pol I) transcription account for more than 90% of disease cases. Two of these TCS-associated genes, POLR1C and POLR1D, encode for essential Pol I/III subunits that form a heterodimer necessary for Pol I/III assembly, and many TCS mutations lie along their evolutionarily conserved dimerization interface. Here we elucidate the molecular basis of TCS mutations in Saccharomyces cerevisiae, and present a new model for how TCS mutations may disrupt Pol I and III complex integrity.
Introduction
Treacher Collins syndrome (TCS) is a rare genetic disorder characterized by the underdevelopment of the facial bones and tissues (1) . Current models suggest that TCS is the result of diminished ribosome biogenesis within the neural crest cells (NCC), which are transient and multi-potent migratory cells that eventually differentiate into the facial bones and tissues (1, 2) . Dysregulation of NCC proliferation, migration and differentiation results in a wide range of developmental diseases such as TCS. Ribosomes play a fundamental role in all cells as they translate mRNA into proteins. Developing NCCs have an extremely high demand for ribosomes because they have elevated protein synthesis requirements. In TCS cells, the ribosome supply is inadequate and they prematurely apoptose before they fully develop and proliferate, resulting in incomplete craniofacial development and deformities (1, 2) .
Genetic and genome-wide mapping studies first illuminated the molecular connection between TCS and dysregulated ribosome biogenesis. These studies identified three ribosome pathway genes (TCOF1, POLR1C, POLR1D) commonly mutated in the vast majority (>80%) of TCS individuals, and each of these genes play important roles in Pol I transcription (3, 4) . Most TCS mutations are autosomal dominant and are found in TCOF1 ($80%) (1) . TCOF1 was the first TCS-associated gene identified and encodes for a protein called Treacle that interacts with Pol I transcription factors and pre-ribosomal processing factors (4) (5) (6) (7) , and recent studies have shown that TCOF1 plays a critical role in the rDNA damage response (8, 9) . Mutations in POLR1C and POLR1D are autosomal recessive and autosomal dominant, respectively, and they are responsible for $2% of TCS cases (3, 10, 11) . POLR1C and POLR1D encode for two essential protein subunits shared between RNA Polymerase (Pol) I and III that form a heterodimer which is likely crucial for Pol I/III assembly as suggested for the Pol II and bacterial counterparts (12) (13) (14) (15) (16) (17) (18) (19) . It remains unresolved whether TCS mutations in POLR1C and POLR1D are Pol I-specific or whether they affect both Pols I and III. Either way, mutations in these genes likely result in decreased rRNA production, reducing protein synthesis within highly proliferative cell populations like NCCs that require high levels of ribosome biogenesis for proper craniofacial development.
Saccharomyces cerevisiae (Baker's yeast) Pol I and III are composed of 14 and 17 subunits, respectively (20) . Pol I and III share a common structural, functional and evolutionary framework that is supported by recent high resolution atomic structures of yeast Pol I and III (20) (21) (22) (23) (24) . Both Pol I and III contain a core set of 14 subunits: 7 shared subunits and 7 paralogous subunits. The subunits AC40 and AC19 are shared between Pols I and III, and are paralogs to the Pol II subunits Rpb3 and Rpb11 (12) . In humans, POLR1C and POLR1D are the orthologs of yeast AC40 and AC19, respectively. Several of the TCS mutations reside along the putative interaction interface between the POLR1C and POLR1D (3) . Given their location, current models suggest that TCS mutations disrupt POLR1C/POLR1D interaction and ultimately the assembly of Pol I/III, resulting in perturbed ribosome biogenesis, tRNA synthesis and mRNA translation (1, 3) .
In this study, we generated and characterized a panel of POLR1D TCS mutations in the yeast model system. Here, we describe the results of these studies that challenge two paradigms for the molecular basis of TCS that include the notion that POLR1D mutations affect dimerization with POLR1C, and that TCS is a Pol I-specific disorder. Taken together, these findings illuminate an alternate model for how TCS mutations affect Pol I/III assembly and diminish their transcriptional activity.
Results

Structural basis of TCS causative mutations
X-ray crystal structures of the yeast Pol I enzyme provide a structural basis for how TCS mutations in POLR1D may affect the Pol I structure and function and contribute to TCS pathogenesis. Human POLR1D is orthologous to yeast AC19, and pairwise alignment of their protein sequences show they are highly conserved as evident by their 45% protein sequence identity (Supplementary material, Fig. S1A ) (14) . Many of the POLR1D residues mutated in TCS are evolutionarily conserved between yeast and humans. In Pol I and III structures, AC19 and AC40 form an interlocked heterodimer that lies on the periphery of the complex and is required for the Pol assembly (Fig. 1A) . As indicated in previous studies, the majority of the mapped POLR1D TCS mutations lie along a highly conserved surface predicted to function as the hetero-dimerization domain that allows for the POLR1C/POLR1D interaction (Fig. 1B) . Based on these observations, we hypothesize that TCS-mutations disrupt the heterodimerization of POLR1C and POLR1D (Fig. 1C ).
AC19 structural elements essential for yeast cell growth
Given the conservation of many TCS mutated residues between yeast and humans, we developed a plasmid shuffle assay to determine how TCS mutations in AC19 affect yeast cell growth. We first transformed haploid wild type yeast with a plasmid construct containing the URA3-selectable marker and the AC19 gene locus, and then deleted the chromosomal copy of AC19 with the Hygromycin B marker gene by homologous recombination (25) . We transformed the resulting AC19 deletion strain with either wild type or mutant AC19 expression constructs containing the LEU2-selectable marker. Finally, transformants were spread onto media containing 5-Fluoroorotic acid (5-FOA), which is used to select against the URA3 gene (26), thereby shuffling out the wild type AC19 URA3 plasmid construct and leaving the desired AC19 LEU2 variant.
We dissected the AC19 gene to determine what secondary structure elements within the protein coding sequence are necessary for cell viability ( Fig. 2A, Supplementary material , Table  S1 ). We individually removed all the known and predicted secondary structure segments within AC19 and tested the ability of the deletion variants to grow in the presence of FOA (Fig. 2B,  Supplementary material, Fig. S2A ). We found that the conserved C-terminal two-thirds of AC19 is essential for yeast growth while the less conserved N-terminal one-third is non-essential. A simple explanation for these lethal growth phenotypes is that they disrupt AC19 protein stability and/or expression. In our assay, AC19 proteins were C-terminally tagged with the HA-epitope to allow for detection by Western blot. Each of the inviable AC19 deletion mutant proteins were detected at or near wild type protein levels (Fig. 2D ). These findings are consistent with a model where the conserved C-terminal region that also encompasses all the known TCS-mutation sites is critical for AC19 function and likely POLR1D function as well (Fig. 2C) .
Effect of TCS mutations on yeast cell growth
We tested the effect of AC19 mutants that contain a panel of TCS causative mutations using a plasmid shuffle growth assay. The first group of mutants we tested were five C-terminal truncations (CTT) mutants modeled after POLR1D frameshift mutations (Supplementary material, Table S1) (3). All CTT mutants were inviable with the exception of CTT5, the smallest truncation mutant, which exhibited wild type growth, indicating this portion of the AC19 C-terminus is non-essential (Fig. 2B,  Supplementary material, Fig. S2B ). These growth results are consistent with the scanning deletions described above, which indicated that the conserved C-terminal region of AC19 is essential. The largest truncations CTT1-3 were difficult to detect by Western blot either due to their small size or their protein instability, while CTT4 and 5 were expressed at levels slightly below or near wild type, respectively (Fig. 2E ). Next, we tested a group of AC19 mutants containing TCS causative point mutations (Supplementary material, Table S2 ) (3) . Each of the TCS point mutations were expressed at or near wild type levels (Fig. 2E ). Only one of the mutants, T71I, exhibited a clear slow growth phenotype on FOA containing media at 30 C (Supplementary material, Fig. S2B ). We also examined the cold sensitivity of the TCS point mutants. We found that T71I exhibited reduced growth at 18 C, indicative of a ribosome biogenesis defect, whereas the remaining mutants grew normally (Supplementary material, Fig. S2B ). It is unclear why the remaining TCS mutations lack an observable phenotype in yeast, which could be attributed to species-specificity.
Humanized AC19 is viable for yeast cell growth
Given the evolutionary conservation of yeast AC19 and human POLR1D, they likely play equivalent functional roles. To test this, we created a yeast POLR1D expression vector where we replaced the AC19 coding region with the POLR1D coding sequence. We transformed the yeast POLR1D expression construct into the AC19 plasmid shuffle strain and selected on FOA containing media. We observed no growth indicating that the full-length POLR1D gene cannot replace AC19 in yeast (Fig. 3A, B) . Since the highest conservation between yeast AC19 and human POLR1D reside in the essential C-terminus two-thirds of AC19, we designed a chimeric yeast-human hybrid where we replaced the conserved C-terminal portion of AC19 with the POLR1D coding sequence that encompasses all known site of TCS mutations. When we transformed this chimeric yeast-human hybrid and tested it in our plasmid shuffle assay, the chimera rescued yeast growth to levels comparable to wild type AC19 (Fig. 3A, B) , and was expressed at comparable protein levels (Fig. 3C ). Likewise, a mutant yeast-human hybrid with the human T50I mutation, identical to the yeast T71I mutation, recapitulated the slow growth phenotype (Fig. 3A, B) . The T50I hybrid protein was also expressed at levels comparable to the wild type AC19 and the chimeric proteins (Fig. 3C ). Taken together, these results show that the POLR1D T50 residue lies within a region of AC19 that is functionally interchangeable with the corresponding region of its human ortholog, demonstrating that yeast AC19 may serve as a suitable genetic model to understand pathogenic TCS mutations in POLR1D.
Decreased ribosomal RNA levels of the T71I mutant
The cold sensitive phenotype of the T71I mutant is indicative of impaired ribosome biogenesis and is often observed in ribosome assembly deficient yeast mutants (27) . To determine if the T71I mutation impairs ribosome biogenesis, we isolated total RNAs from wild type and mutant cells and used native agarose gel electrophoresis to separate and analyze RNAs that were isolated from cells incubated at 18 C for various times. The T71I strain exhibited progressively reduced mature rRNA levels when incubated at the cold temperature (Fig. 4A ). The most dramatic decrease in rRNA levels for the T71I strain was observed after 12 h at 18 C, whereas rRNA levels from the wild type strain only exhibited a modest reduction under the same treatment.
The ratio of the mature 25S to 18S rRNA was also compared and there was relatively no difference between these ratios indicating a defect in rRNA synthesis upstream of rRNA processing, possibly at the level of transcription initiation (Fig. 4B) . 
Dimerization of yeast and human complexes
The most obvious explanation for slow growth phenotype of the T71I mutant is that it disrupts the interaction between AC19 and AC40 thereby diminishing Pol I and III assembly. To test this model, we developed a heterodimer co-expression system for both the yeast and human AC19/AC40 and POLR1D/POLR1C complexes, respectively. For the yeast heterodimer, AC19 and AC40 were inserted into the same vector in a tandem orientation, each under control of their own T7 promoter, and a single and human POLR1C proteins were His 6 tagged at the N-terminus to allow for Ni-affinity based chromatography. Wild type yeast and human heterodimers were co-expressed in E.coli and purified by Ni-affinity chromatography. In both cases, the nontagged subunits co-purified with their His 6 tagged partner subunits. The resulting His 6 purified complexes were further purified by anion exchange and hydrophobic interaction chromatography (Fig. 5A) , and remained intact during the purification, indicating they form stable complexes (Fig. 5B, C) . Using the same approach, we co-expressed yeast and human heterodimer combinations that contain the T71I and T50I mutations, respectively. During the Ni-affinity purification, the mutant complexes remained together and survived the subsequent multi-column purification, indicating that they also form stable heterodimer complexes (Fig. 5B , C). These findings are contrary to our initial prediction that TCS mutations would prevent heterodimerization of AC19/AC40, suggesting the intriguing possibility that the T71I and T50I mutations disrupt Pol I and III function by an unexpected mechanism.
An alternate mechanism that may explain loss of function of the mutant complexes is that they are less stable than their wild type counterparts, yet survive co-purification. To test this, we examined the thermal stability of the yeast and human heterodimer complexes using a fluorescence-based protein thermal shift assay. The wild type yeast heterodimer produced a melting curve with a single peak and a melting temperature (Tm) of 42.2 C, while the mutant T71I complex produced a similar melting curve with a Tm of 41.6 C, yielding a relatively small 0.6 C difference in their thermal stabilities (Fig. 5D , E, Supplementary material, Table S3 ). Likewise, the human wild type and T50I mutant complexes yielded similar Tms with a relatively small 1.6 C difference (Fig. 5E , Supplementary material, Table S3 ), indicating that the mutant yeast and human heterodimers are nearly as stable as their wild type counterparts, and further suggests that an alternate AC19 and POLR1D function is affected by the TCS mutations.
To further compare the stabilities of the complexes, we performed thermal shift assays in the presence of increasing amounts of urea, a protein denaturant that would challenge the stabilities of the complexes. If our mutant complexes were less stable, they would be more susceptible to urea denaturation compared to the wild type complex. When we increased the urea concentration in our thermal shift assays, we detected a decrease in the Tm, indicating that the complexes become less stable. However, we observed a nearly identical descending trend with both the wild type and mutant complexes (Fig. 5F ), indicating they have similar stabilities when challenged with denaturant. Overall, the thermal stabilities of the mutant heterodimers closely resemble their wild type counterparts, suggesting that heterodimer complex stability is relatively unaffected by the TCS mutations, which likely exert their pathogenic affect by an alternate route.
Pol I and III transcription defects of the T71I mutant
One possible means of affecting Pol I and III function is that T71I mutation may directly impact the transcriptional activity of both Pol I and III. To test this, we prepared transcriptionally competent extracts from wild type and T71I mutant yeast strains and tested their ability to transcribe reporters controlled by either the Pol I dependent rDNA promoter or three different Pol III dependent promoters in an in vitro transcription assay. For the Pol III promoter we tested the SUP4 tRNA promoter, the 5S rDNA promoter and the SNR6 U6 promoter. We found that the T71I extract had significantly reduced levels of Pol I and III transcription activity (Fig. 6A, B, C; Supplementary material, Fig.  S4 ), indicating that the T71I mutation impairs activity of Pol I and III. These results provide evidence that a TCS mutation may also affect Pol III function, and challenges the model that TCS is a Pol I-specific disease.
A reduction in Pol I/III activity was further examined by chromatin immunoprecipitation (ChIP) to determine if the lack of activity in the T71I mutant strain could be attributed to a reduction in Pol I and III recruitment to their respective promoters. We examined the recruitment of wild type and T71I mutant AC19 along with the two largest subunits of Pol I, A190 and A135, and the largest subunits of Pol III, Rpc1 and Rpc2. Recruitment of the AC19 T71I mutant to the Pol I and Pol III dependent promoters was reduced by 50% or more (Fig. 6D, E, F) . We also detected a similar reduction in recruitment levels of the two largest Pol I and III subunits (Fig. 6D, E, F) , suggesting the recruitment of Pol I and III is defective in the T71I mutant strain, providing rationale for the reduction of Pol I and III transcriptional activity.
Pol I/III complex integrity in vivo
Our studies to this point suggest that the yeast AC40-AC19 and human POLR1C-POLR1D mutant heterodimers still form stable complexes but are transcriptionally defective in Pol I and III activity. One caveat to the in vitro heterodimer studies is that the complexes were expressed in bacteria. To circumvent this issue, we designed parallel studies in yeast to determine if the mutant AC19 proteins retain interaction with AC40. We created a yeast strain with a C-terminally FLAG-epitope tagged AC40 and transformed this strain with yeast vectors containing either HA-tagged wild type or T71I mutant AC19. We performed reciprocal FLAG or HA immunopreciptations (IP) and found that the T71I mutant retained interaction with AC40 (Fig. 7A, B) , similar to our results with the bacterially expressed complexes. These results suggest that the TCS mutations impair Pol I and III activity by an alternative mechanism.
We next examined whether other Pol I and/or III subunit interactions with AC19 were affected by the T71I mutation, which would suggest that the TCS mutations affect Pol I and III complex integrity and/or assembly. Closer examination of the T71 side chain position in the Pol I crystal structure reveals that it fits into a pocket formed within the AC40 dimerization domain, so when the threonine is mutated to the bulkier isoleucine, the larger side chain likely overfills the pocket because of an additional methyl group (Fig. 7E, F) . The arginine 69 (R69) side chain of AC40 forms part of the pocket wall that points toward an interface that interacts with the two largest Pol I subunits. This pocket is composed of nearly identical residues in human POLR1C including an equivalent arginine residue at position 78 (Supplementary material, Fig. S1B ). Alternating the path of the R69 side chain will likely result in the deformation of a critical assembly surface between the largest Pol I subunits and the heterodimer. This assembly surface is also conserved with Pol III, potentially suggesting that the T71I mutation may also affect Pol III complex integrity.
We first examined a group of yeast strains where various Pol I or III specific subunits were C-terminally FLAG-tagged, including two largest subunits of Pol I, A190 and A135, the Pol I stalk subunit A43 and the largest subunits of Pol III, Rpc1 and Rpc2. We transformed these strains with our HA-tagged wild type and T71I mutant AC19 expression constructs, and tested their interaction by IP. Strikingly, we discovered that the T71I mutant had significantly reduced interaction with each of the Pol I and III subunits (Fig. 7C, D) , indicating that although the heterodimers can still form, they cannot assemble with the rest of Pol I/III. These findings imply that the T71I mutation causes a defect in Pol I and III assembly and/or complex integrity.
Earlier Pol II studies suggest that the AC40/AC19 Pol II paralogs Rpb3/Rpb11 form a subassembly with Rpb10, also a shared subunit of Pol I and III. To test whether the T71I mutant forms this subassembly, we C-terminally FLAG-tagged the shared Rpb10 subunit and found that the T71I mutant showed significantly reduced interaction with Rpb10 (Fig. 7C, D) , indicating that Pol I and III may not form a similar subassembly in the context of the T71I mutant, and demonstrates that the mutant heterodimers are defective in Pol I and III complex integrity. 
Discussion
Here our studies show that the yeast T71I and human T50I mutations retain heterodimer interaction but disrupt Pol I and III complex integrity. This likely reduces the number of functional Pol I and III complexes available, and further cascades to a reduction in the translation potential of these cells. Our results suggest that the T71I/T50I mutation disrupts a critical Pol I and III assembly step downstream of AC19-AC40 heterodimer formation (Fig. 7G) . Although it was reasonable to assume the POLR1D mutations would disrupt dimerization based on the location of the mutation in the protein structure, our study emphasizes the importance of testing these predictions at the molecular genetic, biochemical and biophysical levels.
Pol biogenesis is a complex process and our understanding is still in its infancy. The most complete picture of Pol assembly originates from studies of bacterial Pol, which consists of five subunits that are homologous to the core subunits of the eukaryotic Pols. Bacterial Pol assembly begins with the formation of the a subunit homodimer (18, 19) , which is analogous to the yeast AC40/AC19 and human POLR1C/POLR1D heterodimers. Next, the aa homodimer interacts with the b subunit, which is analogous to the second largest eukaryotic Pol I subunit, to form aab intermediate that then combines with the b' and x to complete the assembly (18, 19) . The b' and x are homologous to the largest eukaryotic Pol subunit and the shared Pol I-III subunit Rpb6, respectively. Much less is known about eukaryotic Pol assembly, but it is hypothesized that they follow a similar assembly pathway (12) .
Elegant developmental studies in zebrafish recently showed that deletion of both alleles of either POLR1C or POLR1D result in craniofacial defects (28) . The resulting embryos die $10 days post fertilization, and exhibit reduced Pol I transcribed rRNA (28) . Interestingly, in these same embryos, 5S rRNA levels are not affected, suggesting that deletion of POLR1C/D results in a Pol I-specific defect (28) . This is in contrary to our results demonstrating that Pol III transcription, which includes 5S rDNA transcription is impaired in the T71I mutant yeast strain. We speculate that this may be due to the two different types of 5S rRNA expressed in the zebrafish life cycle, where they express a maternal and somatic 5S rRNA from different chromosomal loci (29) . During the early stages of development, the maternal 5S rRNA is progressively replaced by the somatic type, which is exclusively found in adult zebrafish (29) . Although speculative, an attractive model explaining these differences is that the maternal 5S RNA expression is dependent on a different eukaryotic Pol such as Pol II. However, this could simply be due to speciesspecific differences between yeast and zebrafish transcription machineries.
Our results suggest that the T71I mutation disrupts a Pol I and III assembly step immediately after heterodimer assembly as the interaction with the second largest Pol I and III subunits are disrupted. We also noticed reduced interaction with Rpb10, which current assembly models suggest would form a subcomplex with the heterodimers (12) . This may indicate that an AC40/AC19/Rpb10 subassembly may not form. It is also possible that the T71I mutation disrupts interaction with one or more biogenesis assembly factors, ultimately impeding efficient and stable complex formation. In parallel with our studies, a G1007A mutation in the second largest Pol III subunit Rpc2 similarly reduced Pol III assembly (30) . Intriguingly, this Rpc2 mutation is at the surface of the heterodimer interaction interface and is adjacent to the T71 residue, further stressing the connection between maintaining the heterodimer interaction surface and efficient Pol assembly. Finally, it is interesting that the Pol II AC19 paralog, Rpb11, contains a conserved threonine residue that aligns with the AC19 T71 residue. Likewise, the Pol II AC40 paralog, Rpb3, contains an arginine that aligns with the AC40 R69 residue. We speculate that a threonine to isoleucine mutation in Rpb11 would have a similar affect on Pol II complex integrity, yet there are no reports of genetic disorders associated with Rpb11 nor Rpb3 mutations, so it is possible that this mutation would be lethal.
It is presumed that mutations in shared Pol I and III subunits can result in Pol-specific diseases. A clear example of this is leukodystrophy, a rare neurodegenerative disorder caused by a defect in genes involved in the maintenance or growth of the myelin sheath that is characterized as a Pol III specific disease (31) (32) (33) . A vast number of genetic mutations cause leukodystrophy including a new category of the disease called 4H (hypomyelination, hypogonadotropic hypogonadism and hypodontia) syndrome that is caused by autosomal recessive mutations in the genes that encode for the two largest Pol III subunits, POLR3A and POLR3B (31) (32) (33) (34) (35) (36) . Analogous to the TCS disease model, the current model for leukodystrophy is that mutations in POLR3A and POLR3B reduce tRNA synthesis, resulting in decreased protein yield, and subsequently affecting the production of the myelin sheath for the central nervous system (36) .
However, not all 4H syndrome patients have mutations in POLR3A and POLR3B. Recent studies discovered 4H syndrome mutations in POLR1C, the gene that encodes for the shared Pol I and III subunit that is also mutated in TCS (36) . Biochemical analysis of two homozygous recessive POLR1C 4H syndrome mutations (N32I and N74S) revealed that the assembly and nuclear import of Pol III was significantly reduced, whereas Pol I was relatively unaffected (36) . The same study tested one POLR1C TCS mutation (R279Q), which retained Pol I complex assembly, but its import to the nucleolus was impaired (36) .
Together, these findings demonstrate that mutations in shared Pol I and III subunits can result in Pol specific diseases.
Pol specificity of leukodystrophy and TCS is not always clearly delineated. Our results also provide evidence that TCS is not necessarily a Pol I-specific disease, but may also affect Pol III, which would likely further contribute to defects in ribosome biogenesis and translation. Further examples of this include a recent study showing that a mutation in POLR1A, the largest subunit of Pol I, was found in two patients who exhibited symptoms characteristic of leukodystrophy (37) , which challenges the idea that leukodystrophy is exclusive to Pol III. It is also possible that Pol I or III mutations can cause more than one disease. For example, mutations in POLR1A are also associated with a disease called acrofacial dysostosis Cincinnati type, which exhibits TCS clinical features in addition to unique limb anomalies that include short, broad fingers and toes, common to another genetic disease known as Nager syndrome (1, (38) (39) (40) (41) . These limb anomalies are not normally found in TCS patients, so this may represent an instance where two different disorders occur in a single individual.
Another example of the broad disease specificity phenomena is Wiedeman-Rautenstrauch syndrome, also known as neonatal progeroid syndrome, which is a rare genetic autosomal recessive disorder characterized by an aged appearance at birth (42) . This syndrome is associated with mutations in POLR3A and expresses a broad spectrum of clinical features including a large skull and triangular face as well as underdeveloped facial bones which is a classical clinical feature of TCS (42) . Furthermore, hypomyelination that is associated with 4H syndrome was also noted in patients containing these POLR3A mutations (42) , indicating the potential convergence of three separate genetic disorders. Like POLR1A mutations, POLR3A mutations can result in a broad spectrum of clinical features that bridge multiple anomalies. More generally, these findings demonstrate that Pol I and III mutations may not always develop into a single clearly defined disease. Elucidating the underlying molecular basis of Pol I and III mutations is critical as multiple pathways are likely involved and preventive treatments will rely on our molecular understanding of their disease mechanisms at the most basic level.
Finally, our studies demonstrate that yeast has the potential to mimic Pol I and III defects of TCS mutations, and to reveal important mechanistic detail about the molecular basis of the disease. This adds to the arsenal of model systems that can be used to study TCS that includes mice and zebrafish. In future studies, we will focus on using yeast screens to find suppressors of the T71I mutation that may illuminate novel rescue pathways that could be later applied to more complex model systems.
Materials and Methods
Yeast strains and cell growth assays
Yeast strains used in this study were made in the BY4705 genetic background (MATa ade2-1 ade2D:: hisG his3D200 leu2D0 lys2D0 met15D0 trp1D63-112 ura3D0) (43) . The AC19 plasmid shuffle strain contained a chromosomal deletion of AC19 using the pAG32 hygromycin B deletion cassette (25) . Indicated Pol I and/or Pol III subunits were C-terminally FLAG-tagged or V5-tagged in the AC19 shuffle strain. These yeast strains were transformed with either wild type or mutant AC19 gene derivatives. Cells were grown on glucose complete (GC) medium lacking leucine (L) and then spread onto GC-L media containing FOA, incubated at indicated temperatures for 2-4 days, and then assessed for growth relative to wild type ( þþþ). Growth assays were preformed in biological triplicate.
Total RNA extraction and analysis
Total RNA was extracted from 20 ml yeast cells and ethanol precipitated as previously described (44) . RNA pellets were resuspended in RNase-free water and 15 ug of RNA was treated with the Turbo DNase kit (Ambion). DNase treated RNAs were separated on a 2% agarose gel containing 1% bleach to protect RNAs (45) . Approximately 2 ug of RNA was analyzed on the gel, and the RNA was visualized by staining with GelRed dye (Biotium) and with the Odyssey FC (LiCor) imager. These assays were preformed in biological duplicate.
Heterodimer protein expression and purification
Yeast and human versions of WT and mutant AC40/AC19 and POLR1C/POLR1D recombinant protein complexes were expressed in BL21 (DE3) Rosetta2 cells (Stratagene) by autoinduction in ZY5052 medium (25 Complexes were diluted in buffer C to final reaction concentrations ranging from 5 to 30 lg/ml. Reactions which compared Tm over increasing urea concentrations had a constant protein amount of 15 lg/ml. Protein melt reactions were assembled on ice according to kit instructions in 20 ll reactions, and were added to 96-Well twin.tec qPCR plates (Eppendorf) in triplicate, sealed with Masterclear real-time PCR film (Eppendorf) and almost immediately fluorescence emission was measured. The samples were heated from 25 C to 95 C over 25 minutes. The data were analyzed using the dFluorescence derivative method.
The Tm values were taken as the minima in the derivative plot (derivative melt profiles). The mean of three experiments were considered for data analysis.
Preparation of transcription-competent extracts
Transcription-competent extracts were prepared as previously described (46) . Two liters of wild type or T71I mutant strains were grown to an OD of 1.0 in YP medium containing 2% glucose as a carbon source. Extracts contained approximately 15 mg/ml protein.
In vitro transcription assays
Transcription assays were performed as previously described (46) . Briefly, assays were assembled in 50 ll reactions containing 0, 45, 90, 180 lg extract, 1 ll RNase Out (Invitrogen), 100 lM each NTP, 200 ng plasmid template DNA, 12.5 lL 4Â transcription buffer (80 mM HEPES-KOH, pH 7.9, 200 mM KCl, 40 mM MgCl 2 , 20 mM EGTA, 0.2 mM EDTA, 10 mM DTT and 40% glycerol). Pol I and III transcription reactions contained 10 mg/ml or 1 mg/ml a-amanitin, respectively. Transcription reactions were incubated at room temperature for 30 min and stopped by addition of 180 ll stop solution (100 mM NaOAc, 10 mM EDTA and 0.5% SDS) supplemented with 10 lg/ml Glycogen (Ambion). RNA was extracted with phenol/chloroform (2:1) once, ethanol (EtOH) precipitated and dried. RNA were reverse transcribed using a Superscript IV cDNA synthesis kit (Invitrogen) and a LacI primer fluorescently labeled with Cyanine 5.5. cDNAs were EtOH precipitated, and pellets were washed with 80% EtOH, dried, resuspended in RNase A (40 lg/ml), incubated for 3 min at room temperature, and then followed by the addition of 3 ll formamide loading dye containing bromophenol blue (95% formamide, 5 mM EDTA, 0.025% w/v bromophenol blue). Samples were heated for 1 min at 90 C, cooled on ice, and run on a denaturing 6% urea acrylamide gel. Gels were visualized by an Odyssey scanner (LiCor) using the 700-wavelength channel. These assays were preformed in biological duplicate and representative results are shown.
Chromatin immunoprecipitation
Chromatin immunopreciptiation assays were conducted as previously described (46) (47) (48) . Briefly, yeast strains expressing various epitope tagged Pol I/III subunit variants were grown in GC medium lacking leucine. Cells were crosslinked with 1% formaldehyde (Sigma) for 5 min at room temperature. After crosslinking, cells were harvested and washed twice with cold TBS buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl). Cells were resuspended in ChIP buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.5% NP-40 and 1.0% Triton X-100) supplemented with 0.5 mM DTT, 0.5 mM PMSF and protease inhibitors. Cells were lysed with 0.5-mm zirconia beads (Biospec) with a Bead Ruptor 12 (Omni) at 2 Â 45 s intervals until greater than 95% cell breakage was achieved. Lysates were sonicated 4 Â 10min on high setting with the Bioruptor UCD-200 (Diagencode). Sonicated lysates were cleared by centrifugation, and protein concentrations were determined by Bradford assay. Next, 500 lg of sheared chromatin was incubated overnight at 4 C with either 10 ll anti-HA (Biotool), anti-V5 (Biotool), or anti-FLAG (Biotool) affinity agarose beads. Beads were washed three times in ChIP buffer containing 1 M NaCl, once with standard ChIP buffer, and once with water. Next, 100 ll of ChIP elution buffer (25 mM Tris-Cl, pH 9.8, 1 mM EDTA) was added to beads and boiled for 10 min. The suspension was centrifuged, and supernatant containing the eluted DNA was collected. The beads were washed with 60 ll water and centrifuged, and the supernatants were combined. Eluted DNA was used directly in quantitative PCR using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). To determine the immunoprecipitated ChIP signal, values were calculated as the ratio of the percentage precipitated at a specific locus to the percentage precipitated at the DNA POL1 reference locus. All values are expressed relative to wild type, which was set at 1. 
Pol I/III immunoprecipitations
IP assays were conducted as previously described (44, 46) . Briefly, epitope tagged (HA or FLAG) proteins were purified from 200 ml mid-log-phase cultures grown in minimal glucosecontaining medium. For HA-tagged AC19 IPs, either wild type HA-tagged AC19 or mutant T71I plasmid constructs were transformed into AC19 plasmid shuffle yeast strain containing chromosomally FLAG-tagged indicated Pol I or Pol III subunit genes. Cells were collected by centrifugation and lysed by zirconia bead-beating in lysis buffer (100 mM Tris-HCl, pH 7.9, 250 mM AmSO 4 , 1 mM EDTA and 10% glycerol) supplemented with 0.5 mM DTT, 0.5 mM PMSF and protease inhibitors, and lysates were cleared by centrifugation. Approximately 3-4 mg of the whole cell extract diluted with two volumes of dilution buffer (25 mM HEPES, pH 7.5, 50 mM NaCl and 1 mM EDTA) was incubated overnight at 4 C with either 20 ll of anti-HA affinity agarose (Biotool) or 20 ll of anti-FLAG affinity agarose (Biotool) for HA and FLAG immunoprecipitations, respectively. Beads were washed three times in 1 ml TBS buffer containing 0.1% Tween and two times with TBS buffer, and then the proteins were eluted with 1Â NuPAGE LDS sample buffer (Invitrogen) at 70 C for 10 min. Samples were resolved on 4-20% polyacrylamide gradient gels (Bio-Rad) in Tris-Glycine-SDS running buffer for 35 min at 200 V. Proteins were transferred to PVDF and probed with mouse monoclonal antibodies against FLAG (Sigma, F1805), and HA (SCBT, F-7). These assays were preformed in biological duplicate and representative results are shown.
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